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FOREWORD

This report was prepared by T. K. Rehfeldt of the Research Center -

Coatings, The Sherwin-Williams Company, Chicago, Illinois, under Contract

No. F33615-81-C-5091. This research project is entitled Polymeric Degradation

Coatings Properties. The program was administered under the direction

of the Coatings and Thermal Protection Materials Brance (MLBn), Nonmetallic

Materials Division, Materials Laboratory, Air Force Wright Aeronautical

Laboratories, Wright-Patterson Air Force Base, Ohio, with Mr. M. Halliwell

as the project engineer.

The report describes work by C. P. Chiang, D. C. Rich, R. W. Scott,

D. T. Smith, M. L. Harrison, B. J. Hofbauer, M. D. Pankau and J. E. Pierre,

all of the Sherwin-Williams Research Center-Coatings staff. The principal

investigator was the author of this report, T. K. Rehfeldt. The work

was conducted under the supervision of S. G. Croll, group leader for

contract research.

The electron spin resonance work was graciously conducted by

J. Gerlock of the Ford Motor Company Research Center in Dearborn, Michigan.

The measurements of water vapor transmission were made for us by

the service laboratory of Modern Controls Instrument Co., Minneapolis,

Minnesota.

The XPS measurements were conducted at the University of Wisconsin

at Milwaukee, Department of Material Science.

Claude Luchessi and R. Haidle of the Department of Chemistry at

Northwestern University, Evanston, Illinois provided invaluable consultation

throughout this investigation.

This report covers research performed from September 1981 through

September 1984.
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SECTION I

INTRODUCTION

The objective of this program is to develop methods to characterize

coating property degradation during weathering to provide an understanding

of performance failures during service which can be used to improve

future aircraft coatings systems, and to predict lifetimes of current

coatings systems.

Coatings for Air Force aircraft are constantly being developed and

improved due to limitations of current coating systems and changing

requirements. Many changes have been made to additives and pigments

while the basic polymers and solvents have been unchanged. Losses in

service life have been noticed even with these limited changes. Further,

developments coatings compliant with EPA and OSHA requirements may

require completely new and radically different coatings systems, such as

water based and high solids coatings. The service life of these water

borne and high solids coatings is historically less than the service

life of current aircraft coatings, which have excellent but less than

optimum service life.

Current coating tests do not provide much information abouL the cian.ez

to the coating system during weathering which lead to coating failure.

It was felt that there are methods of characterization of aircraft coatings

which would relate to changes in performance during exposure and, hence,

could provide information which could be used to extend the service

life.

The scope of work reported here; under contract to the Air Force

Materials Laboratory, at Wright-Patterson Air Force Base, Ohio; is
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to provide a better understanding of the changes which occur in a coating

during weathering. This would include development of the ability to

forecast coating lifetime by accelerated tests. Thus, better judgments

of when to strip and recoat aircraft would become possible.

In order to provide as much information as possible about changes to

the coating polymer during weathering a large number of sample coatings

were prepared. Two commercial aliphatic poly(urethane) aircraft coatings

which meet MIL-83286 in combination with several primers were selected.

The coating/primer combinations are specified in Table I. A prototype

high solids coating system, currently under further development, was

also added to the study. In addition, one of the commercial coatings,

which also served as the primary basis for comparison, was selected for

testing with four different u.v. stabilizers. Both clear and pigmented

coatings were prepared for all tests. Coatings were exposed to natural

weathering in south Florida and included orientations of 45 deg. south

and 5 deg. black box. Standard accelerated weathering included QUV

weatherometer and the twin-arc weatherometer. One series of the selected

standard coating was prepared over tin-foil to provide for free film

tests where needed. In order to provide all the combinations of topcoat/

primer, clear/pigmented, natural/ artificial weathei-ng, stabilized,/

anstabilized, and the two different substrates, almost 1000 coated panels

were prepared for testing.

Standard physical paint tests were to be made on all coatings. An

objective of this investigation was to try to use these tests as a measure

of coating degradation and to find objective tests which would be repre-

sentative of the changes in the polymer during weathering and which, at

the same time, would correlate with standard paint tests. If this could
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be done we could find out what is occurring in the coating and have

simple tests which would relate to the extent of the changes. These

objective tests may or may not be more sophisticated than standard

coatings tests.

The standard physical tests investigated included pencil hardness,

gloss, pendulum hardness, reverse impact, cross hatch adhesion, and

contact angle of water. Each of these tests are useful to measure the

suitability of a coating for specific uses or application. However,

when used as a measure of the degradation of a coating or as a correlate

to other techniques it was found that most of these had very limited

utility.

-3-



SECTION II

GENERAL WORK DESCRIPTION

Photo-oxidation Chemistry

The most important cause of degradation in poly(urethane) coatings

,s taken to be photo-oxidation since the thermal degradation is important

only at greater than normal ambient temperatures El].

A proposed general pathway for the photo-oxidation of polymer, P, is

illustrated by the following sequence [2,3].

Initiation: PH -- > P* + H*

Propagation: P* + 0:0 -- > PO0*

PO0* + PH--> POOH + P*

Chain branching: POOH -- > PO* + *OH

PO* + PH--> POH + P*

HO* + PH--> HOH + P*

Termination: whenever two radicals interact

The photodegradation mechanism of poly(urethanes) is not known in

detail, however, much has been added to our understanding. The presence

of peroxide compounds in irradiated poly(urethanes) has been established

[4]. Oxygen consumption and the presence of activated compounds which

are the precursors of color body formation has been shown [5]. The

effect of singlet oxygen reactions on the accelerated degradation of

poly(urethanes) was demonstrated [6].

For poly(urethane) polymer with the general structure

-- C--NH--CH2 -- R--CH2 -- NH--C--O--CH2 -- CH2 -- O--

0 0
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the degradation is presumed to start between the carbonyl and amino

groups,

-- C--NH--CH2--R--CH2--NH* + *C--O--CH2 -- CH2--O--

0 0

This would initially lead to crosslinking, followed by a period during

which the physical properties do not change, followed at a later time by

more rapid degradation [7]. The various physical property changes taken

together are most often manifested as embrittlement and gloss loss.

The stability of different poly(urethanes) follows the order diphenyl-

methane diisocyanate < toluene diisocyanate < hexamethylene diisocyanate

[2]. The last of these is the isocyanate component in the coatings of

this report. The data presented here will be evaluated in light of this

mechanism.

Tests Considered

The initial phases of this investigation included three categories

of tests, viz.

1.) Standard Physical Paint Tests

2.) Physical Property Measurements

3.) Chemical Property Measurements

The first category includes hardness e.g. pencil and pendulum, gloss,

impact, salt spray, adhesion e.g. cross hatch, weight loss, and appearance.

The second category includes measurements of water vapor transmission

(WVTR), dynamic mechanical analysis (DMA), scanning electron microscopy

(SEM), contact angle, and scanning laser acoustic micrography (SLAM).

The third category includes electron spin resonance (ESR), scanning

Auge microscopy (SAM), x-ray photoelectron spectroscopy (XPS), and
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Fourier transform infra red spectroscopies (FT-IR). These categories

will be discussed in turn.

Materials in Studies

A large number of samples were prepared for natural and artificial

weathering and the related testing. We attempted to provide enough

material to allow changes in the experiments during the course of the

work. The main series of test panels were coated with a commercial DOD

aircraft coating, type D. This was a basic aliphatic poly(urethane)

coating currently in use by the U.S.A.F. This coating was prepared as

both pigmented grey and unpigmented coatings which were sprayed over

treated and primed 2024 TO aluminum panels. This formed the primary

experimental material for all of the tests. The coating, type D, in

clear and pigmented forms was placed over three different primers: 1)

epoxy poly(amide) 2) pcly(sulphide) and 3) water reducible epoxy.

Additionally standard coatings were made over unprimed tin foil to

provide samples for free film tests.

In addition to the primary topcoat coating, type D, panels wer-

prepared by using another commercial coating, DS. This was applied over

the standard epoxy poly(amide) primer on 2024 TO aluminum.

In order to provide samples for examination of the effect of ultra-

violet radiation stabilizers a series of coatings, prepared by using the

coating D containing these substances were prepared over standard epoxy

poly(amide) primer on 2024 TO aluminum. Samples were prepared which

contained an triazine type stabilizer, a hindered-amine type stabilizer,

a benzo-phenone type U. V. absorber and a combination of triazine and

hindered amine. The coatings were prepared in both clear and pigmented

forms and contained stabilizers at 1% of the total polymer weight.

"6-



In all cases the coatings were prepared according to manufacturers

specifications and were applied by automatic spray equipment to approxi-

mately 3 mils dry film thickness. All of the above coating materials

were coded and sent to our south Florida exposure station for natural

exposure. A summary of the combinations and the sample codes is given

in Table 1. These codes will be used consistently throughout this report.

Parallel samples were prepared for artificial exposure testing.

One further set of coatings samples was prepared from a prototype

high solids urethane coating. This coating was subsequently replaced

by a high solids coating which has been developed under a separate contract.

However, this coating has not been on exposure long enough to provide

useful data as yet. This will be left on exposure for subsequent analysis.

7.



TABLE 1

SAMPLE CODES AND DESCRIPTIONS AND TEST CONDITIONS

EXTERIOR EXPOSURE SOUTH FLORIDA

Spl.Code Exposure Exp.Cond. U.V.Stab Top Coat/Primer

Set 1.

64201 6 mos.(1-6) 45 deg. S None D Grey/EPA
64210 6 mos.(1-6) 45 deg. S None D Clr/ EPA
64260 6 mos.(1-6) 5 deg. Blk.Box None D Grey/EPA

64270 6 mos.(1-6) 5 deg. Blk.Box None D Clr/ EPA
64317 6 mos.(1-6) 45 deg. S None D Grey/P.S.

64337 6 mos.(1-6) 45 deg. S None D Grey/W.R.
64357 6 mos.(1-6) 45 deg. S None DS Grey/EPA

64359 6 mos.(1-6) 45 deg. S None EPA Primer Only

Set 2.

64208 6 mos.(7-12) 45 deg. S None D Grey/EPA

64218 6 mos.(7-12) 45 deg. S None D Clr /EPA

64268 6 mos.(7-12) 5 deg. Blk.Box None D Grey/EPA

64278 6 mos.(7-12) 5 deg. Blk.Box None D Clr /EPA
64325 6 mos.(7-12) 45 deg. S None D Grey/P.S.

64345 6 mos.(7-12) 45 deg. S None D Grey/W.R.
64365 6 mos.(7-12) 45 deg. S None DS Grey/EPA

64468 6 mos.(7-12) 45 deg. S None EPA Primer Only

Set 3.

64202 12 mos. 45 deg. S None D Grey/EPA
64212 12 mos. 45 deg. S None D Clr /EPA
64262 12 mos. 5 deg. Blk.Box None D Grey/EPA

64272 12 mos. 5 deg. Blk.Box None D Clr /EPA

64319 12 mos. 45 deg. S None D Grey/P.S.

64339 12 mos. 45 deg. S None D Grey/W.R.
64359 12 mos. 45 deg. S None DS Grey/EPA

64461 12 mos. 45 deg. S None EPA Primer Only

-8-



TABLE I. CONTINUED

Set 4.

65108 6 mos. 45 deg. S T-328 D Clr/None

65138 6 mos. 45 deg. S T-770 D Clr/None

65168 6 mos. 45 deg. S UV-24 D Clr/None

65198 6 mos. 45 deg. S T-328/T-770 D Clr/None

65228 6 mos. 45 deg. S T-328 D Grey/None

65258 6 mos. 45 deg. S T-770 D Grey/None

65288 6 mos. 45 deg. S UV-24 D Grey/None

65318 6 mos. 45 deg. S T-770/T-328 D Grey/None

Set 5.

65117 6 mos.(7-12) 45 deg. S T-328 D CIr/EPA

65147 6 mos.(7-12) 45 deg. S T-770 D Cir/EPA

65177 6 mos.(7-12) 45 deg. S UV-24 D Cit/EPA

65207 6 mos.(7-12) 45 deg. S T-328/T-770 D Clr/EPA

65237 6 mos.(7-12) 45 deg. S T-328 D Grey/EPA

65267 6 mos.(7-12) 45 deg. S T-770 D Grey/EPA

65297 6 mos.(7-12) 45 deg. S UV-24 D Grey/EPA

65327 6 mos.(7-12) 45 deg. S T-770/T-328 D Grey/EPA

Set 6.

65111 12 mos. 45 deg. S T-328 D CIr/EPA

65141 12 mos. 45 deg. S T-770 D CIr/EPA

65171 12 mos. 45 deg. S UV-24 D CIr/EPA

65201 12 mos. 45 deg. S T-328/T-770 D Cir/EPA

65231 12 mos. 45 deg. S T-328 D Grey/EPA

65261 12 mos. 45 deg. S T-770 D Grey/EPA

65291 12 mos. 45 deg. S UV-24 D Grey/EPA

65321 12 mos. 45 deg. S T-770/T-328 D Grey/EPA

Set 7.

64205 18 mos. 45 deg. S. None D Grey/EPA

64214 18 mos. 45 deg. S. None D Cir/EPA

64265 18 mos. 5 deg Blk.Box None D Grey/EPA

64275 18 mos. 5 deg Blk.Box None D Cir/EPA

64321 18 mos. 45 deg. S. None D Grey/PS

64341 18 mos. 45 deg. S. None D Grey/WR

64361 18 mos. 45 deg. S. None DS Grey/EPA

64464 18 mos. 45 deg. S. None EPA Primer Only
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Table 1. CONTINUED

Set 8.

64206 24 mos. 45 deg. S. None D Grey/EPA
64216 24 mos. 45 deg. S. None D Clr/EPA
64266 24 mos. 5 deg. Blk.Box None D Grey/EPA
64276 24 mos. 5 deg. Blk.Box None D CIr/EPA
64323 24 mos. 45 deg. S. None D Grey/PS
64343 24 mos. 45 deg. S. None D Grey/WR
64363 24 mos. 45 deg. S. None DS Grey/EPA
64465 24 mos. 45 deg. S. None EPA Primer Only

NOTE: EPA=epoxy poly(amide), PS=poly(sulfide), WR=Water reducible
T-328 = Tinuvin 328, T-770 Tinuvin 770, UV-24 = Uvinol 24
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Accelerated Exposure Cycles

The chief accelerated exposure apparatus used for this work is the

QUV Weatherometer. The cycle used for most of the tests is 4 hours of

U.V. exposure followed by 2 hours of condensation at 50-700C. The U.V.

radiation is at 280 to 320 nm. Test panels were exposed for periods up

to 6000 hours.

Exposures were also made in a standard Twin-Arc Weatherometer for

periods up to 3000 hours.

The materials, both exposed to natural weathering and to accelerated

weathering were the materials examined by the battery of tests. The

results and discussion of this testing form the rest of this report.

The QUV weatherometer used was the Q.U.V. Accelerated Weathering

Tester manufactured by the Q-Panel Company, Cleveland, Ohio. The apparatus

was operated in accordance with ANSI/ASTM G53-77. Previous experience

with automotive urethane coatings indicated that this type of weatherometer

produced better correlation with actual exterior weathering than do other

weatherometer's, e.g. twin-arc types. In addition it was possible to

process more samples and to control con-itions better than with other

apparatus.

- 11 -



SECTION III

RESULTS AND DISCUSSION

Standard Physical Paint Tests

Contact Angle of Water

The contact angle is a measure of the surface energy of a coating

[8]. The contact angle should be a useful measure of changes at the

surface during weathering. The stationary contact angle of water on all

samples, both naturally and artificially weathered were made. Measure-

ments of the contact angle were made by using a clipped mean procedure

[9]. For this calculation, nine measurements are made and the highest

and lowest are discarded. The remaining values are averaged. An analysis

of variance is made to determine if pooling is acceptable. This is

followed by a test of significance for the results vs. the control samples.

This procedure provides both a measure of the contact angle and a measure

of the change which has taken place upon weathering.

In general, the data indicate that the contact angle decreases over

time. This is as expected, since degradation should create a rougher or

more porous surface which would have higher surface energy. Table 2

contains the contact angle data for QUV exposures up to 6000 hours and

Table 3 contains the contact angle results for the exterior exposed

coatings described in Table 1.

- 12 -



TABLE 2. CONTACT ANGLE OF WATER

QUV WEATHEROMETER EXPOSURE

Contact Angle

Exposure Time (Hrs.) Grey Clear

Exposed Unexposed Exposed Unexposed

200 41 72 44 66

400 39 72 30 66

600 26 72 33 66

800 26 72 35 66

1000 13 72 30 66

1500 7 72 43 66

2000 21 72 51 66

2500 11 72 45 66

3000 -- -- 44 66

3500 3 72 48 66

4000 14 72 48 66

4500 5 72 49 66

5000 6 72 28 66

5500 3 72 -- --

6000 3 72 9 66
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TABLE 3. CONTACT ANGLE OF WATER AND PENDULUM HARDNESS

SpI. Code Contact Angle Pendulum Hardness
Exposed Unexposed Exposed Unexposed

Set 1. Months 1-6

64201 40 74 115 49
64210 37 74 128 114
64260 51 74 124 49

64270 67 74 139 114
64317 44 69 61 35

64317 50 71 113 54

64357 50 75 78 72

64459 48 84 95 87

Set 2. Months 7-12

64208 44 74 91 49

64218 44 74 123 114

64268 38 74 96 49

64278 42 74 103 114
64325 43 68 43 35

64345 38 70 87 54

64365 39 75 75 72

64468 45 84 94 87

Set 3. Months 1-12

64202 46 74 115 49

64212 40 74 134 114

64262 38 74 109 49

64272 41 74 137 114
64319 47 68 57 35

64339 43 71 103 54

64359 47 75 73 72

64461 34 84 124 87

Set 4. Months 1-6 With U.V. Stabilizers

65108 36 67 125 125

65138 41 67 139 106

65168 43 68 135 111

65198 37 63 136 116

65228 38 72 103 82

65258 37 69 97 72

65288 33 72 105 57
65318 49 69 97 48
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Table 3. CONTINUED

Set 5. Months 7-12

65117 54 67 133 125

65147 51 66 132 106

65177 56 68 131 111

65207 50 63 131 116

65237 48 72 94 82

65267 54 69 90 72

65297 55 72 87 57

65327 52 69 83 48

Set 6. Months 1-12

65111 44 67 129 125

65141 40 66 130 106

65171 44 68 112 111

65201 34 63 129 116

65231 46 72 101 82

65261 43 69 96 72

65291 28 72 95 57

65321 49 69 88 48

Set 7 Months 1-18

64205 44 74 124 49

64214 52 74 151 114

64265 34 74 125 49

64275 48 74 140 114
64321 52 69 62 35

64341 35 71 121 54

64361 37 75 86 72

64464 32 84 91 87
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The contact angle measurements formed the test case for the develop-

ment of data analysis techniques. This will be discussed further later.

In addition the contact angle was used as one measure of change in several

other tests, e.g. salt-spray, this too will be discussed later.

Pendulum Hardness Tester

The test for pendulum hardness was carried out generally according

to the German Naional specification, DIN 53 157 (1965) as amended by the

International Standards Organization, subcommittee ISO/TC35 upon recom-

mendation of the British Standards Institute subcommittee PVC/10/5.

In the pendulum hardness tester the pendulum rests on two ball

bearings and is counterbalanced by means of a weight sliding on a vertical

rod attached to the cross bar. A knife edge, the fulcrum of the pendulum,

rests on the coating to be tested. The test is made by raising the

pendulum to a standard amplitude and counting the swings for a specified

time period. The harder the coating the longer it will take for the

swings to be damped and therefore the more swings will occur in in the

time period [10].

Measurements were made to demonstrate the utility of the pendulum

hardness tester, and to provide a more objective measure of hardness

than such measures as pencil hardness. Measurements were made of both

artificially and naturally weathered coatings. The pendulum hardness

for the naturally weathered coatings is given in Table 3. The pendulum

hardness vs. hours of QUV exposure is shown in Figure 1 and Figure 2 for

clear and pigmented coatings respectively. In both cases the hardness

reaches a maximum around 500 hours indicating that the coatings continue

to 'cure' for some time after application. Then the hardness slowly

declines indicating that the measure of a bulk property is involved
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which may limit the utility of the measure as an indicator of failure.

That is, the hardness of the coating does not change much with degradation

as long as the adhesion to the substrate is adequate even though the

surface may be badly cracked.

The pendulum hardness was also used, as was the contact angle,

as an evaluation of salt-spray and other tests.

cross Hatch Adhesion

The cross hatch adhesion was measured according to ASTM D 3359-78.

This test is a combination of crosscut and peel tests. The very simple

method consists of making a series of parallel cuts through the coating

in one direction and a second series at right angles to the first. The

tape is placed over the cuts and rubbed to assure good contact. The

tape is quickly peeled away and the number of squares remaining intact

is a measure of the adhesion.

The cross hatch adhesion test shows promise as a relatively objective,

easy to perform and quantitative test and may prove to be a predictor of

coating failure. This test could be performed on any aircraft by an

unskilled technician with no significant iamage to the aircraft and the

measurement could serve as an indicator of the state of the coating.

There is signicant scatter in the data and the test seems to be dependent

on film thickness thus more data are required before judgement can be

made.

Pull Off Adhesion Test

Another adhesion test which was evaluated for this work is the pull

off adhesion test in which test dolly is glued to the panel and the

force required to pull the dolly off the specimen is measured. For this
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test cyanoacrylate adhesive or epoxy adhesive may be used to glue the

dolly to the test piece. The adhesives are allowed to dry for 24 hours

before the test is conducted.

This test was made on several test coatings. All test specimens

failed at less than 100 lbs/in2 of force. Several failure modes were

found, viz. primer/substrate, coating/primer, and coating/dolly. The

rcsults here were not internally consistent which is probably a result

of the added variable of adhesion of the dolly adhesive to the coating.

Further the descrimination between samples was not large enough to make

strong conclusions. This perhaps could be remedied by a tester with a

different range but the adhesive problems would remain.

Salt Spray Fog Test

Salt spray tests were conducted on coatings which had been naturally

exposed to see if deterioration of the coatings whould be detected by

poorer resistance to salt spray conditions.

The salt spray tests were conducted according to ASTM B117-73 Coatings

are subjected to salt spray of a 5% sodium chloride solution atomized at

95*F. The samples were scored down the center with one continous line

down to the substrate. These were exposed for 500 hours or more.

The results of 500 hours of salt spray on naturally exposed coatings

as measured by cross hatch adhesion, both rating anI percent remaining,

contact angle of water, and pendulum hardness are given in Tables 4-7

respectively. It is seen that the salt-spray has little affect on the

cross hatch adhesion or pendulum hardness. The data is scattered. A

rank product correlation analysis is not signicant at the 5% level indi-

cating that there is no difference in the measurements before and after

the salt spray. The contact angle of water does go down after exposure
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to salt spray but this may be due to residual salt on the surface after

rinsing. In any event the change is small compared to change due to

weathering alone.
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TABLE 4.

EFFECT OF SALT SPRAY ON CROSS HATCH ADHESION RATING
OF NATURALLY WEATHERED COATINGS

Exposed to 500 Hours of Salt Spray

Spl. Code Rating

500 Hrs Salt Spray No Salt Spray
Exposed Not Exposed Exposed Not Exposed

64210 OB 3B 2B 5B
64337 1B 1B 1B 1B

64357 2B 2B 4B 3B

64325 OB OB 1B I1B
64202 2B 1B 2B 1B

64212 OB 3B OB 5B
64272 OB 3B 0B 5B

64359 2B 2B 4B 2B

64205 2B 1B 4B 1B

64214 0B 3B 0B 5B
64361 2B 2B 3B 3B

65108A 1B 5B 1B 4B
65168C 2B 5B 0B 5B
65228E 2B 2B 4B 3B
65297G 1B 2B 3B 2B

65327H 2B 3B 2B 3B
65141B OB * OB 3B

65201D 1B 4B OB 4B
65261F 2B 2B 2B 3B
65291G 2B 2B 2B 2B
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TABLE 5.

EFFECT OF SALT SPRAY ON CROSS HATCH ADHESION PERCENT REMAINING

Spl. Code Percent Remaining

500 Hrs Salt Spray No Salt Spray

Exposed Not Exposed Exposed Not Exposed

64210 7 92 72 100

64337 53 35 49 39

64357 78 69 96 85

64325 5 4 35 49
64202 80 37 69 44

64212 27 92 0 100

64272 16 92 0 100
64359 67 69 97 85

64205 71 37 97 44
64214 0 92 0 100
64361 64 69 86 85

65108A 48 100 63 99

65168C 77 100 31 100

65228E 69 83 96 93

65297G 57 73 93 79

65327H 79 92 83 88
65141B 0 48 0 95
65201D 36 100 12 97

65261F 67 80 77 89

65291G 73 73 80 79
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TABLE 6.

EFFECT OF SALT SPRAY ON CONTACT ANGLE OF WATER NATURALLY WEATHERED COATINGS

Spl. Code Contact Angle of Water

500 Hrs Salt Spray No Salt Spray
Exposed Not Exposed Exposed Not Exposed

64210 34 60 37 74
64337 37 52 50 71
64357 37 61 50 75
64325 38 56 43 67
64202 40 59 46 74
64212 40 61 40 74
64272 34 61 41 74
64359 31 61 47 75
64205 32 59 52 74
64214 36 61 52 74
64361 34 6' 37 75

65108A 46 57 36 67
65168C 48 62 43 68
65228E 44 56 38 72
65297G 38 61 55 72
65327H 37 62 52 69
65141B 48 63 40 66
65201D 34 62 34 63
65261F 37 49 43 69
65291G 42 61 44 72
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TABLE 7.

EFFECT OF SALT SPRAY ON PENDULUM HARDNESS OF NATURALLY EXPOSED COATINGS

SpI. Code Pendulum Hardness

500 Hrs Salt Spray No Salt Spray
Exposed Not Exposed Exposed Not Exposed

64201 127 121 129 60

64205 128 121 124 60

64208 129 121 91 60

64214 138 134 151 90

64265 124 121 125 60

64268 129 121 96 60

64341 127 119 121 60

64345 122 119 87 60

64365 82 69 75 75

64459 86 76 95 90

64464 85 76 91 90

65111A 135 128 129 135

65117A 136 128 133 135

65171C 137 119 112 121

65138B 138 131 139 118

65318H 108 87 97 67

65231E 117 79 101 90

65258F 106 89 97 76
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Physical Property Measurements

Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis deals with the ability of materials to

store and dissipate mechanical energy on deformation. The natural resonance

frequency and the energy dissipation are the two properties of interest.

This resonance frequency is related to the modulus or stiffness by sample

geometry. The energy dissipation relates to properties such as impact

resistance and brittleness.

When a viscoelastic material is deformed and then released, a portion

of the stored deformation energy will be released at a rate which is a

fundamental property of the material. This causes the sample to go into

damped oscillation at its resonance frequency. A portion of the energy

is dissipated through other routes; the more dissipation, the faster the

oscillations decrease.

For this work the DuPont Instrument Co. Model 982 Dynamic Mechanical

Analyzer was used. In this instrument the sample of known dimensions is

clamped between two arms, one forming the compliant axis and the other

counterweighted arm is the axis of physical support. During a measurement

the sample is deformed to a known amplitude and constant oscillatory

amplitude is maintained by an electro-mechanical transducer. The power

added to maintain the constant amplitude is measured and is a direct

measure of the damping caused by the sample. The various moduli and

other properties are calculated from this measurement [11,12], and the

accompanying time based differential scans.

The damping is the measure the energy dissipated in the material as

heat.
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The storage modulus, E' is a measure of the elastic properties

defined as the ratio of the stress in phase with the strain to the mag-

nitude of the strain. The loss modulus, E'', is a measure of the energy

dissipation properties, defined as the ratio of the stress 90 deg. out

of phase with the strain to the magnitude of the strain.

Tan delta is the ratio of the loss modulus to storage modulus. The

complex modulus, E*, is the ratio of the maximum linear stress to the

maximum linear strain.

Dynamic mechanical thermal analysis (DMA) measurements were made of

both clear and pigmented coatings which had been exposed in the QUV

weatherometer for up to 6000 hours. The data obtained are given in

Table 8. Figure 3 shows plots of the glass transition temperature versus

time in the weatherometer for both the clear and pigmented coatings.

The least squares regression line is indicated in both cases. For the

clear coating the glass transition temperature increases with increasing

time. The regression equation for the clear coatings has an intercept

of 79 0 C, and slope of 0.008 degrees/hour. The T-ratios are 50 and 16

respectively and the adjusted R-squared is 95%. These data and the

other statistical diagnostics such as randomness of residuals and the

analysis of variance indicate that the fit of the linear relationship is

good for this set of data.

The DMA response curves for the pigmented coatings is rather broader

than the response curves for the clear coatings. Because of this the

calculation of glass transition temperature is somewhat ambiguous in

several cases. The two lines given in Figure 3 represent the two extremes

of glass transition temperature for these coatings. The main point here

is that the slope of the regression line in either case is not significantly
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different from zero at the 5% level. Thus, in the first analysis the

glass transition temperature of the pigmented coatings does not seem to

have predictive value.

Figure 4 shows the same plots for storage modulus as those described

above for glass transition and similar conclusions hold. The DMA thermo-

grams for the clear coatings are shown in Appendix D.

DMA measurements were also made on the naturally weathered coatings

from the Florida exposure station. These data are given in Table 11.

Very little change occurs in the data obtained from DMA over 24 months

of Florida exposure.

The DMA is a measure of a bulk property, as is e.g. the pendulum

hardness discussed above. The interpretation is that degradation does

not affect the bulk properties of the materials until very late or until

failure is imminent. This is another indication that surface character-

ization is a more fruitful investigation.
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TABLE 8.

DYNAMIC MECHANICAL ANALYSIS OF QUV EXPOSED COATINGS

Sample QUV Hrs. Glass Transition Damping Peak Tan Delta

Temp. Stor.Ibdulus Width Height

Clear 0 73 515 85 5.3 0.005

200 84 50 80 4.5 0.005

480 83 24 82 4.5 0.004

600 82 22 58 2.9 0.005

1000 89 26 75 3.5 0.006

1500 86 20 63 3.3 0.004

2000 97 32 80 4.7 0.007

2500 98 41 76 4.0 0.006

3000 101 55 87 2.9 0.003

3500 112 67 55 2.4 0,006
4000 110 91 59 3.2 0.005

4500 116 95 60 2.7 0.006

5000 118 129 68 3.5 0.004

5500 124 129 68 3.6 0.005
6000 119 525 82 3.6 0.008

Grey 0 65 22 68 2.8 0.002

200 71 20 73 3.6 0.003

1000 81 24 62 2.2 0.028
1500 79 18 54 4.6 0.000

2000 84 21 80 4.5 0.004

2500 82 17 70 2.8 0.001

3000 78 21 88 2.9 0.001
3500 70 21 76 2.2 0.003

4000 75 20 82 4.5 0.002
4500 70 20 85 5.1 0.004

5000 78 21 87 3.8 0.003

5500 76 18 85 3.3 0.000

6000 73 24 70 2.5 0.008

Temp. is in *C.
Stor. Modulus is in GPa.
Damping Peak Width is in OC.

Damping Peak Height is in mV.
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TABLE 9.

DYNAMIC MECHANICAL ANALYSIS OF NATURALLY EXPOSED COATINGS

Sample Code Months Exp. Tg Peak Width (cm)

D Grey/EPA Primer

64201 6 82 3.0

64202 12 -- --

64205 18 87 3.8

64206 24 87 3.9
64208 6(2nd) 82 3.7

D Clear/EPA Primer

64210 6 88 3.0

64212 12 -- --

64214 18 81 3.0

64216 24 87 3.0
64218 2(2nd) 82 3.3

D Grey/PS Primer

64317 6 77 4.4
6 4 3 19 1 2 - -. ..

64321 18 75 3.5

64323 24 80 3.6
64325 6 72 3.4

D Grey/WR Primer

64337 6 85 3.7
64339 12 --...

64341 24 79 4.0

64343 24 81 4.3
64345 6 80 2.1

D Grey/EPA Primer Black Box

64260 6 86 4.9

64262 12 -- --

64265 18 85 4.4
64266 24 88 4.1
64268 6 78 4.0

D Clear/EPA Primer Black Box

64270 6 100 5.2
64272 12 ......

64275 18 113 5.8
64276 24 117 3.4
64278 6 81 3.9
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Scanning Laser Acoustic Microscopy (SLAM)

An acoustic microscope imaging system applies ultrasonic energy to

an object. The waves scattered by and through the object fall upon a

detector plane where the sonic energy is measured and converted to a

visual display. The dried latex films were examined by the SONOMICROSCOPE

100 [13] operated at a frequency of 100 MHz. The SLAM instrument consists

of a laser system which can scan in two dimensions and which is synchronous

with television monitors. The sample is placed on a stage where it is

insonified with plane acoustic waves and illuminated with laser light.

There are three operating modes of SLAM which were all investigated

for this work.

Normal Amplitude Mode

In this mode the acoustic transmission microscope operates at a

single acoustic frequency. Variations in the acoustic transmission

cause variations in the micrographs; bright regions correspond to good

acoustic transmission and dark regions correspond to poor acoustic trans-

mission.

Interferometric mode

In this mode the acoustic phase is measured on the screen as the

wave is propagated through various structures within the field of view.

Localized variations in the velocity of sound can be measured. The

technique is more sensitive to density and elasticity than the other

modes.

Optical Mode

As a by-product of the laser scanning technique, a corresponding

optical image of the sample is obtained. The optical image clearly
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shows the region over which the acoustic image is made.

SLAM micrographs in both the normal amplitude and interferometric

modes for unexposed coatings are shown in Figure 5. Micrographs of

coatings exposed in the QUV weatherometer are shown in Figure 6. Light

areas indicate high acoustic transmission and dark areas indicate areas

of low transmission such as voids or cracks.

The application of this technique coatings is limited by the thickness

of the coatings which is near the limit of resolution of the instrument

used for this test. Some defects were detected but these were gross and

would have been indicative of imminent failure. The technique would be

extremely useful for thicker materials [14]. Newer instruments have

higher resolution which would be much more effective for coating measure-

ments, however, the problems concerning measurements of bulk properties

remain, i.e. by the time defects are found in a bulk property then coating

failure is imminent.

Water Vapor Transmission

Free coating films were sent to Modern Controls, Inc. for measure-

ment of the water vapor transmission (15]. Measurements of the water

vapor tranmission rates were made on a Permatran-W instrument. This

instrument employs an infrared sensor to measure the amount of water

vapor diffusing through a test film. The sensor measures radiation at a

wavelength absorbed by water vapor. The sample is never exposed to an

unnatural pressure conditon. All testing and conditioning is performed

at atmospheric pressure, and is much faster than traditional weight-gain

techniques. A built-in desiccant system dries the air stream to a very

1iw vapor density. This dry air stream enters the test chamber cavity

at a constant rate and picks up water vapor permeating through the sample
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The gas leaving the cavity consists of a mixture of air and water vapor

in a ratio determined by the dry air purge rate, and the rate of water

vapor transmission through the film. The water vapor density measured

by the sensor is then proportional to the water vapor transmission rate

of the test sample if the dry air flow rate is maintained at a constant

value.

The water vapor transmission rates of coatings artificially exposed

in the QUV weatherometer are given in Table 10. Water vapor transmission

rates for coatings containg U. V. stabilizers is given in Table 11.

Results for naturally exposed coatings is given in Table 12.
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TABLE 10.

WATER VAPOR TRANSMISSION RATES OF QUV EXPOSED COATINGS

QUV Exposure Water Vapor Transmission Rates

Coating (Hours) (g/W 2* /day) Metric Perms

System D Gray 0 15 0.86

System D Gray 800 16 0.90

System D Gray 1500 15 0.90

System D Clear 0 12 0.69
System D Clear 800 13 0.76

System D Clear 850 15 0.85

System D Clear 900 57 3.2

System D Clear 950 92 5.0

System D Clear 1000 650 57.0

Test Conditions: Area = 5 cm2

Temp = 70*F

Gradient Established by 90% Relative Humidity

- 38 -



TABLE 11 .

WATER VAPOR TRANSMISSION RATES (1000 HRS. QUV) COATINGS WITH U. V. STABILIZERS

Coatings Stabilizer Water Vapor Transmission Rates (g/sq.m/day)

No Exposure 1000 hrs. QUV

Clear 1% T-328 11
Clear 1% T-770 11 ---
Clear 1% UV-24 11 14
Clear T-328/T-770 12 12

Grey 1% T-328 16 17
Grey 1% T-770 17 20
Grey 1% UV-24 14 15
Grey T-328/T-770 14 14
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TABLE 12.

WATER VAPOR TRANSMISSION RATE 12 MONTH FLORIDA EXPOSED COATINGS

Coating/Stabilizer Water Vapor Transmission Rate (Grams/Sq. Meter/Day

Test Coating Control Coating

Clear/Tinuvin 328 11 11

Clear/Tinuvin 770 9 11

Clear/UV-24 10 11

Clear/Tin 328+Tin 770 11 12

Grey/Tinuvin 328 17 15

Grey/Tinuvin 770 17 17

Grey/UV-24 13 14

Grey/Tin 328+Tin 770 12 14

Clear/None 10 12

Grey/None 13 14
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The coatings were prepared on tin toi.l and the free films were

obtained by amalgamation of the tin.

The water vapor transmission of tae pigmented films show no sig-

nificaiit change after 15UU hsr in ,ne VUV weatheiometer under the standard

cycle. The clear films showed a dramatic increase in water vapor trans-

mission between 800 and 1000 hours. The increase may simply be due

to development of tiny holes in the film and not to an increase in the

transmission rate of the bulk material. However this would be indicative

of coating failure. Further, the pigmented film did not show the dramatic

increase in permeation up to 1500 hours. Thus, the pigment may play a

large role in stabilizing the polymer towards ultra-violet radiation

induced degradation [161.

For naturally weathered samples, there Is essentially no difference

in water vapor transmission, after twelve months exposures, between

controls and exposed coatings. Nor is there any apparent variation

between the pigmented and clear coatings nor the various stabilizers.

The data in Table 11 was obtained in order to gain some information

on the relative value of various U.V. stabilizers. Very little variation

was observed. There has been essentially no change in the water vapor

transmission rates at 1000 hrs. and therefore no conclusions about the

effectiveness of the various stabilizers can be made.

Scanning Electron Microscopy (SEM)

Scanning electron microscopic examination was used to examine the

surface morphology of coating surfaces as a means to detect small defects

in the coatings. Both artificially and naturally weathered coatings

were examined.
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Appendix A, pages A1-A7, show electron photomicrographs of clear

and grey coatings artificially weathered in the QUV weatherometer up to

5000 hrs. Examination of the photomicrographs of the clear coatings

reveal cracks appear after 1000 hrs. These cracks become more numerous

and larger with increasing exposure. Examination of the same exposure

conditions of pigmented, i.e. grey coatings indicate some surface erosion

at 1000 hrs. which continues at increasing exposures. However, the

pigment seems to moderate the degradation so that the coatings maintain,

to a large extent, the film integrity.

Appendices B and C, pages B1-B9d and pages CI-C5, show electron

photomicrographs of naturally weathered coatings. The code numbers on

these photomicrographs refer to the test coatings previously described.

Except for the case of the primer only, which is expected to fail

rapidly when exposed, there is very little change apparent in the coatings

after 18 mos. of south Florida exposure. This is true of 45 degree

south and black box exposure. Since very little change is seen for

standard coatings it is not surprising that no change was seen in coatings

which contain U.V. stabilizers. Exposure for longer than 24 mos. is

required to find morphological changes in these coatings.

The SEM may be useful for detecting degradation, however, the

degradation visible after 24 months of natural exposure is very slight.

It remains to be seen how far in advance of ultimate failure the degradation

can be seen by SEM techniques.

Chemical Property Testing

X-Ray Photoelectron Spectroscopy (XPS)

Information obtained from this work points to the need for measure-

ments of changes in the coatings at or near the surface since very little
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change is seen in any of the bulk property measurements. One measurement

designed for surface analysis is X-ray photoelectron spectroscopy (XPS

or ESCA). This technique determines elemental concentrations by examination

of the X-ray produced by electron bombardment.

Five samples containing naturally and artificially exposed coatings

were analyzed with XPS. The instrument used is that at the University

of Wisconsin-Milwaukee. It employs a Varian vacuum system and X-ray

source with a Physical Electronics cylindrical mirror analyzer (CMA).

Both overall spectra as well as high resolution scans in the region of

the carbon peak were obtained. Overall spectra scans are shown in Figures

7 and 8 and a high resolution scan is shown in Figure 9. The results

shown in Table 13 are the atomic surface composition determined from

peak height data by applying the sensitivity factors of Wagner [17]. A

method described by Dilks and Clark [18] has been applied to the high

resolution carbon data. Very little difference is seen in the high

resolution data problably due to the fact that the reacted species have

left the surface through natural erosion processes.

The XPS shows definite promise as a tool to monitor coating degra-

dation. A comprehensive program could be designed to obtain data from

naturally and artificially weathered coating surfaces to examine the

mechanisms of coating degradation. The data from this work lend cre-

dence to the proposed photo-oxidation mechanism discussed earlier in
S

that the increase in oxygen is consistent with the mechanism, which

presumes attack by oxygen between the urethane nitrogen and the carbonyl

carbon. This would require an increase of oxygen at the surface for

further reaction to take place.
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TABLE 13.

ELEMENTAL SURFACE COMPOSITION (ATOMIC %)

Coating Hours of QUV Exposure Mths. Natural Exp.

Clear 0 Hrs. 3000 Hrs. 18 Months
Element

C 59 44
N 7 6
O 41 57

Grey
Element

C 47 43 39

N 9 3 2

0 45 48 50
Si 6 9
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Electron Spin Resonance Spectrometry (ESR)

Electron spin resonance has been used for analysis of degradation

of polymers [191 but in general the techniques were not quantitative.

The electron spin resonance technique developed by J. Gerlock of Ford

Motor Co. is quantitative (20,21,22] and is extremely promising for both

early determination of the photooxidative stability of coatings and

investigation of the mechanism of polymeric degradation. Steps have

been taken to expand the technique to other operators and coating systems

under the aegis of the Sherwin-Williams Co. for the purposes of this

contract and any future work.

The method involves addition of a known amount of a free radical

source to the coating in question. The coating is exposed to U. V.

light and the ESR measurement is used to determine the amount of free

radical source in the coating. This is done several times and the decay

of the free radical source is used to calculate the photo-initiation

rates within the coating. A low photo-initiation rate is indicative of

a stable coating.

This ESR spectroscopic technique was used to measure the photo-

initiation rates of a free radical marker in three urethane coatings,

designated as System DS, the standard D and a high solids coating, HS76.

The photoinitiation rates for these three coatings is listed below:

System DS 1 .8 x 10-8 tol/g/min

System D 0.6 x 10-8 mol/g/min

HS76 0.4 x 10-8 mol/g/min

If current suppositions about the ESR data are correct then, system

I)S should he degraded most rapidly and the HS76 should be degraded least

rapidly. Direct comparisons of the three items are not available.

- 4V



However, based upon physical properties determined before and after twin

arc weatherometer exposure for System DS, which was reported in AFWAL-TR-80-4148

Part III, and QUV exposure of the System D would be ranked as more stable

than the System DS. No direct exposure data is yet available for HS76

but it is expected that this will be a stable coating based upon formu-

lation parameters.

The measurements were made by Dr. J. Gerlock.

Scanning Auger Microprobe (SAM)

Another technique designed for surface analysis is scanning Auger

microprobe (SAM). An electron microscope is used to examine and aim the

electron beam and elemental analysis is obtained by examination of secondary

emmissions from the surface. This is a complimentary technique to XPS.

The measurements reported here were made at Northwestern University.

A series of samples were examined by SAM to verify the conclusions

that the oxygen concentration and the nitrogen concentration at the

coating surfaces increases upon weathering. The SAM measurements were

made on a PHI Model 590A Scanning Auger Microprobe. The area examined

in each case was -0.2 millimeters. The energy beam was at 2000 ev

with 6 ev modulation and the beam current was 6 x 10 E- 8 amp. Normalized

intensities were used for all calculations. Peak heights were divided

by the normalizing factors and these results were used in subsequent

calculations. The carbon response was chosen as the reference peak and

the ratios of the normalized intensities for oxygen and nitrogen to

that of carbon was used to determine the relative atomic concentrations

of oxygen and nitrogen.

The normalized concentrations which were measured are given in

Table 14. The data for nitrogen content vs. hours of exposure is shown
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in Figure 10 and is random i.e., a correlation coefficient not signifi-

cantly different from zero.

The data for oxygen, while not compelling, does show a trend to

higher surface oxygen concentrations at longer exposures. The scatter

plot of this data is shown in Figure 11. In this case the correlation

coefficient is 0.70 (omission, which is not statistically legitimate, of

the point at 1010 hours, would bring the correlation coefficient to

0.98). Thus, considering the times involved the trend seems confirmed

and more importantly, the measurement shows enough promise for future

investigation.

Fourier Transform Infra Red Spectroscopy (FT-IR)

For initial evaluation and investigation of FT-IR techniques for

the measurement of polymeric degradation, photoacoustic (PAS), diffuse

reflectance (DR) and attenuated total reflectance (ATR) infrared spectra

were obtained of several naturally and artificially weathered coatings.

These techniques allow examination of changes in the chemical structure

within the first 25-50 um of the coatings.
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TABLE 14.

NORMALIZED ATOMIC SURFACE CONCENTRATIONS RELATIVE TO CARBON

MEASURED BY SCANNING AUGER MICROPROBE

Hours Nitrogen Oxygen

0 0.03 0.08

0 0.03 0.06
645 0.02 0.09

1010 0.04 0.15
3000 0.04 0.12

6000 0.03 0.18
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FIGURE 10. Scatter Plot of Relative Nitrogen Surface Concentration vs Hours QUV
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FIGURE 11. Scatter Plot of Relative oxygen Surface Concentration vs Hours QUV
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Initial Investigations

The PAS spectra of the unexposed clear coating is characteristic of

an aliphatic urethane with absorbances due to residual OH (3365 cm-1),

ester C=O (triplet with major absorbance at 1736cm-1 followed by lesser

absorbances at 1690 and 1643 cm-1) and urethane (1530 cm-i).

Comparison of the unexposed coating spectrum to those obtained from

2500, 3000, 3500, 4000 and 5000 hours QUV exposures indicates reduction

of the urethane peak at 1530 cm-1*as well as other major changes in the

spectrum.

Florida exposure panels were analyzed after 6, 12 and 18 month

intervals. Comparison of the series with the QUV exposure series indicates

that 5000 hours QUV exposure is nearly equivalent to 18 months Florida

exposure.

The diffuse reflectance spectrum of the Clear/Primer control differs

from the PAS spectrum in the aliphatic CH region and in the C=O region.

Also the urethane absorbance at 1558 cm- 1 is weaker relative to the single

ester C=O at 1748 cm- 1 . This indicates that the polyester portion of the

systems may be more concentrated on the surface of the coating since the

depth of penetration by diffuse reflectance is very low.

The QUV exposure series was then analyzed by the diffuse reflectance

mode. The first QUV exposure measured was at 2500 hours and this spectrum

indicated an almost complete loss of the urethane absorbance at 1559 cm-i.

The PAS spectrum of this same specimen indicates some loss of the urethane

but not as much as in the DR spectrum. This indicates the loss is most

prevalent on the surface of the coating. Analysis of the other sample

in this series (3000, 3500, 4000 and 5000 hrs. QUV exposure) showed that

the urethane peak at 1559 cm- 1 did not decrease further. Other changes
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are also apparent in the 9flV expuiare. A new OH or NH peak appears at

3500 cm- 1 and the C=O peak which was a .dngle peak at 1748 cm- 1 has

split into two peaks at 1790 and 1770 cm- 1 . This change in C=O absorbance

was not apparent in the PAS spectra.

The general conclusion here is that QUV exposure causes a drastic

change in the surface chemistry of the clear coating as shown by the new

OH and C=O absorbances and the loss of methane absorbance.

The DR spectra obtained for 6, 12 and 18 months Florida exposure

indicated a moderate decrease in urethane absorbance at 1558 cm-1 .

However, even after 18 months exposure this absorbance was still easily

detectable indicating some degradation but nothing as severe as the 2500

hours QUV exposure produced. There was no detectable change in the ester

C=O absorbance for the first twelve months although the absorbance did

decrease after 18 months. No additional ester C=O peaks were observed.

The OH absorbance found in the QUV exposures also occurs in the Florida

exposures but is not nearly as prominent.

The conclusion here is that much less surface degradation takes

place in the clear coating during 18 months Florida exposure versus 2500

hrs. QUV exposure. But there is no qualitative difference between this

accelerated weathering and the natural weathering.

Photoacoustic Spectroscopy Evaluation (PAS)

Photoacoustic Fourier transform infra red [23] spectra were

obtained of the System D grey and System D clear controls, i.e. unexposed.

Spectra were also obtained of the same coatings after 4000 hrs. and 5000

hrs. of QUV exposure. For reference a spectrum of the unexposed primer

was also obtained. The primer was the standard epoxy poly(amide) in all

cases.
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The PAS technique can produce good infra red spectra of the all

films analyzed. The anticipated depth of penetration into the coating

is 20 to 100 micrometers depending upon the composition of the material

being analyzed. In the experiments reported here the depth of penetration

is -25 micrometers. Observation on each coating follow.

System D Clear

Figure 12 is the spectrum of the epoxy poly(amide) primer for reference.

Some absorbances due to the pigment are present in addition to the basic

polymer absobances.

1. The spectrum of the clear, unexposed top coat is shown in
Figure 13. There is no evidence of absorbances due to the
primer which indicates that the depth of penetration is no
greater than the top coat film thickness.

2. The spectrum of the clear coating after 4000 hrs. QUV expo-
sure is shown in Figure 14. Note that the absorbance in
the 1600 wavenumber region has decreased and the peaks have
broadened indicating a possible change in the chemical comp-
osition. There is also some evidence of absorbances due to
the primer pigment indicating erosion of the top coat.

3. The spectrum of the clear coating after 5000 hrs. QUV expo-
sure is shown in Figure 15. Further degradation of the ure-
thane absorbance is noted. The difference between 4000 and
5000 hrs. is minor.

4. Figure 16 shows the difference spectrum obtained by sub-
tracting the 5000 hrs. spectrum from the control spectrum.
The resultant spectrum indicates that there is no interfer-
ence from the primer.

Sst D Grey

1. The spectrum of the grey topcoat over the primer is shown
in Figure 17. The spectrum is very similar to that of Fig.
13 although there is evidence of absorbances due to the pig-
ment of the top coat.

2. Figure 18 is the spectrum of the grey coating after 4000 hrs.
of QUV exposure. The spectrum is not very different from
that of the unexposed grey coating. There is a slight decreasp
in the urethane absorbance at 1600 wavenumbers.
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3. The spectrum of grey coating after 5000 hrs. QUV is
shown in Figure 19. The spectrum is very similar to
the 4000 hrs. spectrum.

4. Figure 20 shows the difference spectrum of the control,
Fig. 17 minus the 5000 hrs exposure spectrum. This spectrum
indicates that the unexposed coating has a higher urethane
absorbance and hence higher urethane content than the ex-
posed coating. The observed difference is small in this
case.

5. A difference spectrum of the 4000 hrs. spectrum minus the
5000 hrs. spectrum, Fig. 18 minus Fig. 19, was also obtained
and is shown in Figure 21. This difference spectrum indi-
cates a further slight decrease in the urethane absorbance
from 4000 to 5000 hrs. QUV.

- 57 -



co

CO (

-"M

(n

Cux

-4

-58 0



0o

'a)

cS

CD

(D c

cr,

.u 0.

Ur)

Ck

oo solo o

S20 E,00
oDV60e



oc

m3 CD cD
o -c

c:3

4 <r

4.)

K C)
F co

LI c
ST0) Tw PT10 6V0 IQ O00 P0-

3DtNV8fO S 8V
-60



CD

co

'Is

cn
2.4

CA

Ln

o IIo

U ,V 
2.4

cT)>
cu~

.14

cu. 0-'4~

Cu
m
0

OD
CD

'A)

cu

cu

LT ~ TT 0 so0

- 61-



04

4-0

CDT

a)

M 0D

C,

-4

0
4.)
0

,Ya) 800 900 800co
~t~N88os

- 62 4



CD

tw

cf,
CV)

VA)

Cý C4
Is x

O r-

Cu

LV0 9;0
- 63 -



CDi

CD

cr)
cr)
Cr,

CD L

-4
0,

0~0 14 ~U0 00 90
~NYE8OSa)

- 64 0



C4

CD

CO~
La,

CT

Co

Z04

cz

U

* Q,

~.u

la 0 81 T 11 l 0 0100 00 s
3DNV8iOSSV

- 65 -



w0
cA

C"

CO

Cr,
M

CU C

00

N.

cri

4-4
--4

66C



co

I-I

M~ o

U! ,

.U

.44

0

CD 0

C .
CDh

c)

oý
EnII ~L4n

U'

cu~

101

r, 3-



Photoacoustic Spectroscopy Conclusions

Following preliminary FT-IR spectroscopic investigations of the the

aliphatic poly(urethane) system it was decided that the most useful

technique was the PAS. A more careful examination of artificially and

naturally exposed coatings was undertaken.

Careful interpretation of the PAS spectra indicated that a marked

change took place in the absorbance at 1528 cm-1 as a function exposure

time. This peak is due to the C-N group in the urethane molecule. The

absorbances due to the -CH 2 - group remained relatively constant in all

the spectra and was thus chosen as an internal standard. The ratio of

the urethane group peak to the -CH 2 - peak was calculated as a measure of

the relative measure of the C-N group. This ratio was plotted vs. exposure

time and this plot is shown in Figure 22 for the standard clear coating

system. A rapid change in C-N linkage during the first 2500 hours of

QUV exposure which then continues at a slower rate is evident. Examination

of the spectra of Figure 23 confirms that most of the C-N absorbance is

gone after the first 2500 hours of QUV exposure.

It is interesting to note that exposure of the same clear coating

in Florida at 45 deg. south takes 24 months to achieve the same degree

of degradation as the 2500 hour QUV exposure. This is also seen in Figure

22. This conclusions is confirmed by comparison of the spectra of the

two different exposure panels which are shown in Figure 24 and 25.

When the system is pigmented the degree of degradation is markedly

different as shown again on Figure 22. In this situation it appears that

the Florida 45 deg. south exposure may produce a slightly greater degradation

than the QUV weatherometer. As shown by the spectra in Figures 22 and

23, the overall absorbance of the urethane C-N has not decreased as
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significantly as it has in the clear coating.

The clear coating when exposed in the Black Box 5 deg. Florida for

24 months undergoes complete destruction. This is shown in Figure 26

where the spectrum of the Florida 45 deg. south exposure still indicates

the presence of an ester component and some urethane while the Black Box

exposure only shows the epoxide due to the primer. This epoxide primer

was not seen in any of the other systems discussed in this report.

In Black Box exposure, the panel is placed inside of a black box,

open at the top and exposed at a slight angle (5°). The purpose of this

arrangement is to allow direct sunlight at midday and, primarily to

increase the heat around the test panel by absorbtion of the black walls

of the box.

A similar comparison of the grey pigmented system indicates relatively

little difference between black box and 45 deg. south expobure this is

seen in Figure 27.

PAS-FT-IR analysis can be used to monitor the rate of degradation in

pigmented or unpigmented coatings. With further experimentation a more

direct correlation may be made between actual long term weathering and

short term accelerated testing. Once this correlation is made some long

term weathering tests may be eliminated.

The change in absorbance or the urethane C-N peak indicates either a

change in the molecule or a loss of that component. Since the aliphatic

-CH 2 - absorbance remains relatively constant it seems more likily that a

change in the molecule has taken place.
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Data Analysis andInterpretation

Predictors Discarded

Early in this work gloss retention data for all sample coatings was

collected. Examination of this data revealed an obvious decrease in

gloss with exposure time. This result was expected and may prove pre-

dictive of failure to some extent. However, the data is of questionable

use in a pragmatic sense since ultimately the concern is with camouflage

coatings which initially have very low gloss. Thus any decrease in

gloss would be insignificant as a predictor of degradation. Therefore,

gloss measurements were eliminated as useful to this program.

Similarly, it has been determined that the pencil hardness test is

of little real value. In our attempts to use measurements of pencil

hardness we found it obvious that the variation of pencil lidzdiness between

two or more operators and ,indeed, for the same operator at widely different

times is at least as great as the variation due to degradation of the

coatings. This data is not reported here. Thus, pencil hardness was

eliminated from consideration in this program.

The pendulum hardness versus QUV exposure time for clear and pigmented

coatings respectively are plotted in Figure 1 and Figure 2. The pendulum

hardness decreases only slightly for the clear coating over 6000 hours

after an initial large increase. After the initial large increase the

pendulum hardness remains high and relatively constant for about 3000

hours and then decreases gradually to a somewhat lower level. The small

change in pendulum hardness relative to the scatter in the data indicates

that this measurement may have limited value for early prediction of

failure.
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Reverse impact measurements have a large amount of scatter and are

of limited value.

The more sophisticated technique, SLAM, showed some promise for

detection of coating flaws but does not have enough resolution to make

measurements on the thin films of typical aircraft coatings.

Water vapor transmission measurements do appear to reflect basic

changes in the film structure but are of little value as a field test.

Predictors Retained

Physical Properties

The cross hatch adhesion test shows promise as a relatively objective,

easy to perform and quantitative test which may prove to be a predictor

of coating failure. This test could be performed on any aircraft by an

unskilled technician with no significant damage to the aircraft and the

measurement could serve as an indicator of the state of the coating.

This test may be thickness dependent but is relativly precise compared

to such tests as pencil hardness. This test has also shown variation

with weathering of the test coatings. Information is inconclusive but

this should be included in future work on predictve or descriptive methods.

The contact angle, as described below, does show usefulness as a

predictor of coating degradation when the data are properly analyzed.

This test should also be included in future monitoring and development

work.

Chemical Properties Measurements

The electron spin resonance technique shows great promise as a very

early predictor of coating failure and, in fact, may be d useful screening

technique. The technique promises to produce not only an early predictor
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but a means to investigate the mechanism of coating degradation.

Scanning Auger spectroscopy and or x-ray photo-electron spectroscopy

can be used to measure the increase of oxygen at the coating surface.

This is a very sensitive measurement and can detect early changes which

will ultimately lead to coating failure.

The oxygen and nitrogen content at the surface are factors in the

proposed degradation mechanism described above. The data obtained from

SAM and XPS in this work is consistent with this mechanism. Thus, we

can both predict, with proper data analysis techniques, the condition of

the coating surface and also examine the effects of accelerated degradation

techniques or conduct other mechanistic experiments.

The data obtained by infra red PAS is also consistent with the

probable degradation mechanism, i.e. disappearance of the urethane link-

ages. This is another sensitive technique which lends itself both to

the measurement of the state of coating degradation and also mechanistic

studies, e.g. as the detection method for accelerated techniques.

Box-Jenkins Time SeriesAnalysis

Analysis of data for contact angle of water on samples exposed to

artificial weathering in the QUV was undertaken. Data for both clear

and grey coatings from the QUV were analysed for time series trends by

using Box-Jenkins techniques. The data were first analyzed by using

standard linear regresion technique and it was found that the data were

poorly described by either logarithmic or polynomial functions of exposure

time. However, the statistical diagnostics indicated a possible cyclic

nature to the data, thus, a Box-Jenkins analysis was undertaken 124).

The Box-Jenkins approach first evaluates the partial auto-correlation

function and determines the order of the moving average memory function.
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Tables 15 and 16 show the resalit- f- a, the partial auto correlation

plots. Second order moving .-. "ra ;;th -he appropriate lags were

calculated by using a ARIMA aloor- m written by W. Q. Meeker of Iowa

State University [25]. The fti and residual analyses are shown in

Figures 28-37 which are plots generate! by our Box-Jenkins computer

program. Figures 28 and 33 display the scatter plot of contact angle

vs. hours of exposure for the grey and clear coatings respectively.

Figures 29 and 34 illustrate the partial autocorrelations functions for

the grey and clear coatings respectively and demonstrate the lags.

Figure 30 and 35 are scatter plots of the residuals from the Box-Jenkins

analysis, i.e. the difference between the predicted and actual measurements,

vs. the actual measurement. The plots indicate random behavior about

zero as they should for a good model. Figures 31 and 36 are plots of

the residuals in sequence for the grey and clear coatings and indicate

random behavior about zero, i.e. the residuals are not dependent upon

the order of the data. Figures 32 and 37 show plots of the predicted

vs. actual values for the grey and clear coatings. In this case there

is a definite linear trend showing that the predicted values are close

to the actual values as is necessary for a good model.

The ARIMA model will allow forecasts of future contact angles, and

therefore, the condition of the coating with respect to degradation.
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TABLE 15.

BOX-JENKINS ANALYSIS AND MODEL FOR GREY COATING

Estimates at Each Iteraton
Iteration SSE PARAMETERS

0 65124.6 0.100 0.100 01100 0.100
1 44647.4 -0.050 0.066 0.248 0.133
2 41895.2 0.052 0.132 0.398 0.190
3 38394.4 0.132 0.197 0.548 0.250
4 32804.5 0.057 0.290 0.590 0.400
5 30017.8 -0.093 0.309 0.518 0.505
6 26726.4 -0.243 0.283 0.461 0.566
7 21629.5 -0.393 0.185 0.496 0.534
8 18510.8 -0.543 0.124 0.478 0.554
9 15915.5 -0.693 0.031 0.533 0.504
10 15392.1 -0.843 -0.032 0.480 0.568
11 14942.3 -0.912 -0.072 0.508 0.542
12 14934.9 -0.960 -0.090 0.451 0.601
13 14862.7 -0.970 -0.103 0.457 0.598
14 14861 .9 -0.969 -0.103 0.457 0.597

Relative change is each estimate less than .0010

Final Estimates of Parameters

Number Type Estimate St. Dev. T-Ratio

1 AR 1 -. 9694 .1549 -6.26
2 AR 2 -. 1033 .1284 -. 80
3 MA 1 .4572 .1160 3.94
4 MA 2 .5974 .1012 5.90

Differencing 2 Regular
Residuals SS = 14860.2 (Backforecasts excluded)

DF = 86 MS= 172.8

No. of Obs. Original Series 92 After Differencing 90

Correlation Matrix of the Estimated Parameters

1 2 3

2 .905
3 .720 .547
4 -. 720 -. 547 -. 999

.



TABLE 16.

BOX-JENKINS ANALYSIS A:.fl f)DEL FOR CLEAR COATING

Estimates at Each Iteraton
Iteration SSE PARAMETERS

0 5947.12 0.100 0.100 0.100 0.100
1 5476.63 -0.038 0.019 0.229 0.119
2 5469.19 0.109 0.002 0.379 0.061
3 5466.04 0.259 -0.037 0.529 -0.019
4 5462.99 0.409 -0.078 0.679 -0.101
5 5459.79 0.558 -0.119 0.829 -0.183
6 5456.17 0.708 -0.161 0.979 -0.266
7 5451.84 0.857 -0.203 1.129 -0.349
8 5446.30 1.007 -0.247 1.279 -0.434
9 5441.06 1.155 -0.292 1.429 -0.520

10 5437.55 1.299 -0.352 1.579 -0.619

Unable to reduce sum of squares any further.

Final Estimates of Parameters

Number Type Estimate St. Dev. T-Ratio

1 AR 1 1.2992 .1053 12.34
2 AR 2 -. 3516 .1485 -2.37
3 MA 1 1.5787 .0000 87726.19
4 MA 2 -. 6194 .0604 -10.25

Differencing 1 Regular
Residuals SS = 5431.55 (Backforecasts excluded)

DF = 86 MS 63.16

No. of Obs. Original Series 91 After Differencing 90

Correlation Matrix of the Estimated Parameters

1 2 3

2 -. 775

3 .206 -. 140
4 -. 179 .717 -. 196
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The Box-Jenkins Time Series analysis provides a very good fit of

the contact angle of water as a function of exposure time in the QUV

weatherometer. This statistical technique was developed (4) as a special

case of more standard statistical techniques for the determination of

the relationships between two or more variables, e.g. regression analysis.

Standard regression analysis techniques are less effective when one of

the variables is time or when the analysis involves the same phenomena

measured at different times. This is so because in the case of time

series the individual measurements are not usually independent of one

another as required under the assumptions of regression. The first

applications of time series analysis were for industrial control and

socioeconomic data [261. The chief interest is to describe the factors

which produce the patterns in a time series and thus to obtain a forecast

of the condition at some future time. In the usual time series analysis

technique the components are the overall trend in the data, seasonal

variation, cyclical variation, and the always present random noise.

These variations are easily seen for control or business cycles.

But let us consider the degradation of coatings in this light. The

trend is toward ultimate failure of the coating is obvious. But there

are also seasonal variations as well as geographical ones. In the analysis

at hand the weatherometer exposures are cyclical by design. Thus the

analysis does fit our problem. Indeed the diagnostic tests of the regression

analyses which were initially conducted indicated that individual contact

angle measurements were not independent and that there was a very strong

cyclical component in the data as inlii.ated by a high Durbin-Watson [27]

statistic and examination of the residuals. This led to a time series

analysis of the data.

- 92 -



General Techniques for Data Analysis

For screening, the standard statistical techniques [28,29,301 are

valuable. For example, a standard regression analysis was used to deter-

mine that there is neither trend nor correlation nor suitable non-

random behavior in such tests as pencil hardness and reverse impact.

However, these are not adequate for predictive purposes and cannot deter-

mine the nature of trends over time. Thus, the Box-Jenkins approach

was used. This technique is particularly powerful for analysis of data

taken over long time periods or when the same measurements are made at

different times. This is not the only technique available for these

analyses and at times the assumptions necessary for Box-Jenkins analysis

may not be true. In addition and of necessity a relatively long time is

involved to obtain enough data for an adequate analysis.

Two other techniques which may prove useful for analysis of the

kinds of data reported here are those which involve Weibull [311 dis-

tribution analysis and those which involve Bayesian (321 analysis. The

Weibull analysis has been developed primarily for analysis of expected

lifetime of industrial products for purposes of quality control and to

provide a measure of the reliability of components. This type of analysis

gives greater weight to early events, since in failure analysis an early

failure is more notable. Thus, it is often possible to do an adequate

analysis earlier than is possible with other techniques. However, a

proper analysis usually requires some reasonable knowledge of failure

rates which may limit the application in the case of high performance

coatings. The technique is powerful and worthy of investigation particu-

larly as we learn more about the actual rate of failure.
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The Bayesian technique does not require prior knowledge of the

failure rates or sampling distributions of the data. Estimates of the

needed parameters are estimated by whatever means available, e.g. from a

similar but known system. Built into the analysis are continuing checks

on the appropriateness of the estimated parameters and the proper adjust-

ment. during the course of the experiments. Thus, inferences may be made

quickly during the course of the study. As we progress with longer term

weathering both of these techniques should be added to the arsenal of

data analysis techniques and the inferences will become better as more

data is added on a series of coatings.

Models of Degradation Behavior

It was thought that a deterministic model of coating degradation

could be developed from the data obtained in this work. The model must

include long term cycles, e.g. annual and seasonal and short term cycles

e.g. morning dew and afternoon sun. Other short term cycles should

include operational cycles such as the mechanical stress of take-off

and landings. Both weathering and mechanical cycles must be consistent

with standard reliability analysis.

The aim should be to develop a model such that the ratio of the

rate of change of the test parameters to the actual rate of degradation

is constant, i.e.

dpi/dt:dP*/dt=k

where P* is the ultimate failure of a property, pi is the test property

i, t is the time and k is a constant which is much less than 1.

Such models have been attempted with some success [33,34). However,

the extremly large set of physical and environmental variables which

must be considered for an aircraft coating make the task of model construction
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formidable in practice no matter how useful the concept may be in

approaching the problem.

The results from the statistical analysis indicated that stochastic

models may be quite appropriate and very useful for predictive and

reliability purposes. The Box-Jenkins approach was designed to be predictive

and data to date indicate that the ARIMA model underlying Box-Jenkins

will provide the same utility in practical application as would a deter-

ministic model and will be much easier to use.

Both of the other techniques, Weibull and Bayesian analysis also

produce predictive results with a well known underlying model once the

analysis is completed for sufficient number of samples over a suitable

time period. The number and time needed will be different for each type

of analysis.

Proposed Work in Continuation

During the course of the work on this project some techniques

were discussed which may be useful but which we could not fully investigate.

One of these was the use a bonded fluoresence (or ultra violet absorbance).

One would apply a fluorescent or ultra violet reagent which would react

with the degradation products, then the fluoresence spectra would be a

measure of the amount of degradation product and hence the amount of

degradation. For example, one of the proposed degradation products and

one which is consistent with the proposed mechanism of degradation, is

an aldehyde. There are known fluoresence reagents for aldehydes [35,

36] which could be used. This would be a very sensitive technique and

would capable of detecting at least picomoles of materials.
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oxygen is implicated strongly in the proposed photo-oxidation mechanism,

so a proposed accelerated technique for degradation would oxygen ion

bombardment. An ion gun would be constructed which would direct a stream

of highly reactive oxygen ions to the coating surface under controlled

conditions. This would be followed by techniques discussed above such a

SAM or XPS. The reactions should be much faster than current techniques

allow and thus would improve the efficiency of mechanistic studies [37].
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SECT ION IV

CONCUJSIONS

Necessary Measurement Techniques

The measurements necessary for predictive characterization of

degradation of aircraft coatings are those which measure surface chemistry

or physics [38,39]. This work shows that by the time the bulk properties

have changed measureably coating failure is imminent, therefore, they

are of no predictive use.

Degradation starts at the surface and proceeds into the coating,

therefore measurements of chemical and physical changes occuring at or

near the surface provide information on the state of the coating and on

the likelihood of failure within a specified time period.

Conventional, standard techniques of data analysis are not sufficient

in themselves to allow reasonable inferences to be made from the data

about the condition of the coating. Standard regression and normal

statistical calculation can be used to eliminate totally random data but

for inferences more sophisticated techniques such as Box-Jenkins Time

Series analysis must be used.

Techniques such as Fourier transform infra red spectroscopy in the

photoacoustic mode, contact angle, electron spin resonance, scanning

Auger microprobe, and x-ray photo-electron spectroscopy are most suit-

able for the required analysis of the coating surfaces.

Hardness, impact resistance, dynamic mechanical analysis, and other

bulk property measurements do not provide useful information about the

state of coating degradation unless near failure.
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Deterministic models of coating degradation may be too complex to

be used for other than conceptual analysis; but the inference of stochastic

models provide the necessary predictive capability.

During the times investigated, viz. 24 months of natural exposure,

very little difference was detected between coatings which had ultra

violet radiation stabilizers and those which did not. Therefore, no

conclusions can be drawn concerning the efficacy of these additives

until samples which have been exposed substantially longer can be examined.

Further investigation should be made of the electron spin resonance

technique, the grafted fluoresence technique, and the ion bombardment

degradation technique. The Bayesian, Weibull, and Box-Jenkins techniques

of data analysis should be advanced.
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General Summary

A large number of aircraft coating samples have been investigated

by using a wide variety of physical and chemical test methods. A range

of artificial and natural weathering conditions were imposed upon the

test coatings.

The work has shown that sophisticated statistical techniques are

necessary to make valid inferences from degradation data but that these

techniques may be used in a predictive manner.

All data is consistent with a proposed mechanism for degradation of

poly(urethane) coatings.

It has been shown that surface chemistry is more significant than

bulk properties for interpretations about the conditions of a weathered

coating.

Continuation of Monitoring Programs

We propose to continue monitoring test coatings which are currently

on exterior exposure until degradation significant enough to test the

conclusions of the stochastic analysis have been achieved. The sta-

tistical techniques discussed will be applied to the materials over a

longer time period in order to verify these models.

In addition, more basic information about the reliability of poly

(urethane) coatings will be obtained. This will include further evaluation

of ultra violet stabilizers and higher solids coatings.
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APPENDIX A

Scanning Electron Photomicrographs of Artificially Weatherea Coatings
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APPENDIX B

Scanning Electron Photomicrographs ot Naturally Weathered Coatings

Coatings Without Ultra Violet Stabilizers
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APPENDIX C

Scanning Electron Photomicrographs of Naturally Weathered Coatings

Coatings With Ultra Violet Stabilizers
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APPENDIX D

Dynamic Mechanical Analysis Thermograms
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